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around which much of our present knowledge of how
spermatozoa interact with the zona pellucida has been
built.
In the laboratory mouse, the zona pellucida (ZP)
consists of three sulfated and glycosylated proteins –
ZPA, ZPB and ZPC – that are secreted by the growing
oocyte. These three glycoproteins share a common
domain, the ‘ZP domain’, a region of conserved cys-
teine residues, hydrophobicity and turn-forming
residues (Bork & Sander, 1992). It has been proposed
that the three glycoproteins assemble into an inter-
connecting fibrous protein complex, comprised of
repeat units of ZPA and ZPC cross-linked by ZPB
(Wassarman, 1988), and that the ZP domain plays an
important role in the formation and maintenance of
this structural arrangement (Wassarman, 1999). 
During the process of fertilisation, in order for a
spermatozoon to undergo sperm–egg fusion, it must
first bind to, and penetrate, the ZP before it can enter
the perivitelline space (Yanagimachi, 1994). In the
laboratory mouse, ZPC has been identified as the
Introduction
An extracellular glycoprotein matrix, the zona
pellucida, surrounds mammalian oocytes. This matrix
plays a crucial role in both fertilisation and protection
of the early conceptus. In the laboratory mouse (Mus
musculus) a considerable amount of data on the zona
pellucida and sperm–zona interactions have been
accumulated (for review see Brewis & Wong, 1999;
Prasad et al., 2000; Rankin & Dean, 2000; Rankin et al.,
2000; Wassarman & Litscher, 2001). These data have
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Summary
This comparative study of the cDNA sequence of the zona pellucida C (ZPC) glycoprotein in murid
rodents focuses on the nucleotide and amino acid sequence of the putative sperm-combining site. We ask
the question: Has divergence evolved in the nucleotide sequence of ZPC in the murid rodents of
Australia? Using RT-PCR and (RACE) PCR, the complete cDNA coding region of ZPC in the Australian
hydromyine rodents Notomys alexis and Pseudomys australis, and a partial cDNA sequence from a third
hydromyine rodent, Hydromys chrysogaster, has been determined. Comparison between the cDNA
sequences of the hydromyine rodents reveals that the level of amino acid sequence identity between N.
alexis and P. australis is 96%, whereas that between the two species of hydromyine rodents and M. mus-
culus and R. norvegicus is 88% and 87% respectively. Despite being reproductively isolated from each
other, the three species of hydromyine rodents have a 100% level of amino acid sequence identity at the
putative sperm-combining site. This finding does not support the view that this site is under positive
selective pressure. The sequence data obtained in this study may have important conservation implica-
tions for the dissemination of immunocontraception directed against M. musculus using ZPC antibodies. 
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glycoprotein to which primary binding of spermato-
zoon occurs (Bleil & Wassarman, 1983). In the labora-
tory mouse, the process of sperm–zona pellucida
(sperm–ZP) binding is mediated by oligosaccharides
attached to specific O-linked (serine/threonine)
residues on the glycoprotein surface of ZPC (for
review see Wassarman, 1990; Shalgi & Raz, 1997). Exon
swapping and site-directed mutagenesis experiments
have identified a region of ZPC (Cys-328 to Gln-343)
which contains the serine residues involved in primary
sperm–ZP binding, named the ‘sperm-combining site’
(Kinloch et al., 1995; Chen et al., 1998). In particular,
serine residues 332 and 334 have been found to be the
critical O-linked oligosaccharide sites for primary
sperm binding (Wassarman, 1999; Wassarman &
Litscher, 2001).
Among different orders of mammals the region of
the putative sperm-combining site has undergone con-
siderable sequence divergence compared with the rest
of ZPC (Wassarman & Litscher, 1995). Consideration
of the synonymous/non-synonymous ratio of
nucleotide acid substitutions suggests that this region
is under positive selective pressure (Swanson et al.,
2001). While it is the oligosaccharides on the ZPC
polypeptide backbone that bind to the receptors on the
sperm head surface, changes in the polypeptide pri-
mary structure in and around the sperm-combining
site may influence the location and nature of the
oligosaccharides added to the nascent ZPC (Nehrke et
al., 1996).
Frequently, this process of primary sperm–ZP bind-
ing in the laboratory mouse is referred to as a species-
specific phenomenon (Bleil & Wassarman, 1988;
Wassarman, 1990, 1999; Cheng et al., 1994; Kinloch et
al., 1995; Wassarman & Litscher, 1995, 2001; Liu et al.,
1996; Snell & White, 1996; Shalgi & Raz, 1997;
Wassarman et al., 1999), implying that the inability of
sperm from one species to bind to the ZP of another
species has the potential for being a reproductive iso-
lating mechanism. However, the experimental evi-
dence for species specificity of sperm–ZP binding is
inconclusive (for review see Yanagimachi, 1994), and
recently this assertion in relation to mammalian repro-
duction has been questioned (Jansen et al., 2001;
Focarelli et al., 2001).
If primary sperm–ZP binding in the laboratory
mouse is a species-specific phenomenon, and the site of
primary sperm binding is the sperm-combining site,
then it can be predicted that species specificity might
be reflected in the amino acid sequence of this site, 
with closely related species exhibiting sequence diver-
gence in order to facilitate a reproductive isolating
mechanism.
To investigate the hypothesis of species specificity
of sperm–ZP binding, this study compared the ZPC
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putative sperm-combining site, in five species of murid
rodents. To that end, the complete cDNA coding
sequence of the ZPC glycoprotein in two species of
Australian hydromyine rodents, Notomys alexis and
Pseudomys australis, and the putative sperm-combining
site in a third, Hydromys chrysogaster (a species that
diverged at the base of the hydromyine radiation;
Watts & Baverstock, 1995), has been determined. These
hydromyine rodents belong to a separate subfamily
(the Hydromyinae) within the family Muridae,
whereas the laboratory mouse (the model for
sperm–ZP binding) and the laboratory rat, Rattus
norvegicus, are members of the subfamily Murinae,
whose wild ancestors evolved in Asia. The time of
divergence of the hydromyine lineage from the murid
in Asia is approximately 4 to 6 million years ago (Watts
& Baverstock, 1995).
The aim of this comparative study was to determine
the cDNA sequence of ZPC of these species of murid
rodents with particular emphasis on the putative
sperm-combining site; these findings may relate to the
species specificity of sperm–ZP binding if this occurs. 
Materials and methods
Nomenclature
The recommendations of Harris et al. (1994) for nomen-
clature of ZP genes and proteins are followed in this
paper.
Animals
Notomys alexis (spinifex hopping mouse) females were
supplied from a colony established at the University of
Adelaide, whose wild ancestors were collected on
Curtin Springs Station, in the south of the Northern
Territory. Pseudomys australis (plains rat) females were
supplied from a colony established by Dr C. Watts in
1968 and 1969, whose ancestors were collected 
from Marla Bore, northern South Australia and near
Charlotte Waters in the south of the Northern
Territory. All animals were originally housed in the
Division of Animal Services, University of Adelaide
and latterly in a private collection in the Adelaide Hills.
The Hydromys chrysogaster (water rat) female was
captured on the River Torrens in Adelaide, with per-
mission from National Parks and Wildlife South
Australia.
Total RNA
Animals used in this study were killed by asphyxiation
with CO2 and cervical dislocation. The ovaries were
immediately removed, snap-frozen in liquid nitrogen,
and stored at –70 ºC. Total RNA was extracted from
frozen ovarian tissue (approximately 50 mg per
animal) using TriZOL (Invitrogen, Auckland), follow-
ing the manufacturer’s instructions.
cDNA synthesis
cDNA was synthesised from total RNA with either
oligo(dT) primers or primer ZP3T17AP (Table 1) using
Superscript II (Invitrogen, Auckland), following the
manufacturer’s instructions.
RT PCR
Regions of the ZPC gene were amplified by poly-
merase chain reaction (PCR) using either primers
based on regions of conserved ZPC sequence in M.
musculus and R. norvegicus, or primers designed from
N. alexis and P. australis sequence as it became known
(Table 1). All primers were purchased from GeneWorks
(Adelaide)
PCR amplification was performed in a volume of 
25 µl containing 1× Taq reaction buffer (10 mM Tris pH
8.3, 50 mM KCl and 0.1 mM dNTPs), 1.5 mM MgCl2,
100 ng each of forward and reverse primer, 1 µg of
cDNA and 0.5 U of Taq polymerase (BTQ-1 from
GeneWorks, Adelaide). Reactions were cycled at 94 ºC
for 30 s, 60 ºC for 45 s, and 72 ºC for 1 min using a 
PTC-2000 Peltier Thermal Cycler. Sequencing was per-
forming using Big Dye Terminator chemistry and
analysed on an ABI Prism 3700 DNA Automated
sequencer. Forward and reverse sequences were
assembled using BioEdit Sequence Alignment Editor
(Hall, 1999).
PCR fragments not sequenced directly from the

























































cDNA of ZPC in murid rodents 293
(Promega, Sydney) and transformed into E. coli (strain
DH5α) and subjected to blue/white colour selection.
PCR fragments were radioactively labelled with 32P
using a Bresatec Gigaprime DNA labelling kit
(GeneWorks, Adelaide) and used as probes in cloning
experiments. 
(RACE) PCR
To obtain full-length cDNAs, 5’-rapid amplification of
cDNA ends (RACE) was performed using First Choice
RLM-RACE (Ambion, Austin, TX) and following the
manufacturer’s instructions. Prior to (RACE) PCR,
total RNA was treated with DNase I using DNA-free
(Ambion, Austin, TX) following the manufacturer’s
instructions.
To obtain the 3’ end of the full-length transcript,
cDNA was synthesised using the primer ZP3T17AP,
and two-round PCR was performed using ZP3T17AP
and then ZP3AP (a nested primer specific for the
ZP3T17AP sequence) and a gene-specific primer.
(Table 1)
Sequence comparison
ZPC cDNA and protein sequences were extracted from
GenBank. Species names and accession numbers are:
Cat (Felis catus) U05778; Cow (Bos taurus) U05775; Dog
(Canis familiaris) U05780; Golden hamster (Mesocricetus
auratus) M63629; Human (Homo sapiens) M60504;
Bonnet monkey (Macaque radiata) X82639; Marmoset
monkey (Callithrix jacchus) S71825; Laboratory mouse
(Mus musculus) M20026; Laboratory rat (Rattus norvegi-
cus) D78482; and Brandt’s vole (Microtus brandti)
AF304487.
Sequence alignments were carried out using the
Table 1 The sequences of forward and reverse primers utilised in this study and their corresponding position relative to
laboratory mouse ZPC cDNA










ZP3T17AP GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTT Poly T adapter
ZP3AP GACTCGAGTCGACATCG
gZP3CRa GGAAGTCCACGATGAAGTGATAGG 709–686
aDesigned from N. alexis/P. australis sequence as it became known.
CLUSTAL-W algorithm (Thompson et al., 1994) and
were edited and displayed using the computer pro-
gram GeneDoc (Nicholas & Nicholas, 1997). 
Results
Notomys alexis
Primers FAZP and RCZP, based on conserved 
M. musculus and R. norvegicus sequences, amplified a
region of cDNA which was cloned and probed in a
Southern blot analysis with  a 32P-labelled PCR frag-
ment of size 160 bp (previously generated using the
primers FBZP and RCZP). The probe hybridised to a
fragment 810 base pairs in length. Primers FB1ZP and
RD1ZP gave a 335 base pair fragment after PCR ampli-
fication. The terminal 3’ sequence of the cDNA was
obtained by using primers ZP3AP and FBZP, generat-
ing a 497 base pair fragment. The 5’ end of the cDNA
was obtained by (RACE) PCR using the primers sup-
plied in the kit and RVAZP in a two-round PCR (fol-
lowing manufacturer’s instructions). A 300 base pair
fragment was obtained. 
Pseudomys australis
The PCR primers FA1ZP and RCZP, designed on the
basis of conserved ZPC regions in M. musculus and
R.norvegicus rodents, amplified a 543 base pair cDNA
fragment. Primers designed on the basis of N. alexis
cDNA sequence, F5ZP and gZP3CR, gave a 668 bp
fragment. The terminal 3’ sequence was obtained by
using primers ZP3AP and FBZP, generating a 531 base
pair fragment. The 5’ end of the cDNA was obtained by
(RACE) PCR using the primers supplied in the kit in a
two-round PCR, and RVAZP. A 137 base pair fragment
was amplified. 
Figs. 1 and 2 show the complete coding region of the
ZPC cDNA for N. alexis and P. australis respectively.
Both coding regions have an open reading frame of
1272 nucleotides and are identical in size to the coding
region of the ZPC cDNA in the laboratory mouse (M.
musculus) and laboratory rat (R. norvegicus). The amino
acid sequence is predicted to be 424 residues in length
in respect of both hydromyine rodents.
Hydromys chrysogaster
Primers designed on the basis of conserved M. muscu-
lus and R. norvegicus sequences, FB1ZP and RD1ZP,
amplified a 270 bp cDNA fragment that corresponded
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Comparison of nucleotide and amino acid
sequences
The degree of nucleotide sequence identity of the
coding region of ZPC cDNA between N. alexis and 
P. australis is 98%. The predicted amino acid sequences
are 96% identical. The two species of hydromyine
rodents share 100% conserved cysteine residues with
M. musculus and R. norvegicus, as well as hydrophobic
regions, the furin cleavage site and the ZP domain. The
two hydromyine rodents share an 88% and 87% level
of amino acid sequence identity with M. musculus and
R. norvegicus respectively.
The sperm-combining site
The predicted amino acid sequences corresponding to
the putative sperm-combining sites are identical in the
three species of hydromyine rodents. When this
sequence is compared with that of various other mam-
malian species from different orders, it can be seen that
in the murid rodents the first 7 residues of the putative
sperm-combining site are fully conserved, including
the five potential O-linked and the single potential N-
linked, oligosaccharide sites (Fig. 4). Species distantly
related to rodents show little sequence conservation in
this region, with a variety of different arrangements of
serine/threonine residues. Unique to the hydromyine
rodents, however, are two additional potential 
O-linked oligosaccharide sites, Ser-336 and Ser-341. 
No cDNA sequences of ZPC in other species have ser-
ine/threonine residues at these positions.
Discussion
The process of speciation is a poorly understood
phenomenon. However, a cause or consequence of
speciation is the development of mechanisms that lead
to reproductive isolation. One such mechanism that
could prevent successful hybridisation between
species is the inability of the sperm to bind to, and
penetrate, the extracellular coat that surrounds the egg,
the ZP. Certainly, for closely related externally fertilis-
ing species, reproductive isolation is evident at this
level (Vacquier et al., 1997). However, for internally
fertilising species, such as mammals, selection to pre-
vent hybridisation at that level may not occur due to
the improbability of the sperm from one species reach-
ing the site of fertilisation of another species’ as a result
of behavioural and/or morphological differences
between species. Nevertheless, in spite of this,
Wassarman et al., working with the laboratory mouse,
have repeatedly suggested that primary sperm–ZP
binding is a species-specific event (Bleil & Wassarman,
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Figure 1 Nucleotide sequence of Notomys alexis ZPC cDNA and putative amino acid sequence (GenBank accession number
AY078054) showing functional domains. Amino acids denoted in bold (residues 1 to 20) signify the putative peptide signal
sequence. The ZP domain is shown in grey highlight. The putative sperm-combining site is boxed, and the furin cleavage
sequence is shown in the dashed line box. The hydrophobic region is underlined. Potential N-linked oligosaccharide sites are
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Figure 2 Nucleotide sequence of Pseudomys australis ZPC cDNA and putative amino acid sequence (GenBank accession num-
ber AY078055) showing functional domains. Amino acids denoted in bold (residues 1 to 20) signify the putative peptide signal
sequence. The ZP domain is shown in grey highlight. The putative sperm-combining site is boxed, and the furin cleavage
sequence is shown in the dashed line box. The hydrophobic region is underlined. Potential N-linked oligosaccharide sites are
denoted below the residue with a #, and potential O-linked oligosaccharide sites are denoted below the residue with an *.
et al., 1994; Kinloch et al., 1995; Wassarman & Litscher,
1995, 2001; Liu et al., 1996; Wassarman et al., 1999). If
this is the case it may be predicted that the amino acid
sequence of the region of ZPC, which contains the 
O-linked oligosaccharide sites necessary for primary
sperm–zona binding, may differ significantly between
closely related species. A comparison of the ZPC
sequence of murids thus tests this hypothesis.
The Australasian hydromyine rodent diverged from
a common ancestor with the Asian murids at least 4 to
6 million years ago (Watts & Baverstock, 1995). The
level of amino acid sequence identity of ZPC between
N. alexis and P. australis suggests that the three-dimen-
sional structure, and function, of ZPC in these two
species of hydromyine rodents is very similar despite
differences in ZP thickness (McGregor et al., 1989) and
sperm head morphology (Breed, 1997). Furthermore,
H. chrysogaster, the third species of hydromyine rodent,
which diverged at the base of the hydromyine radia-
tion from the lineage that gave rise to Pseudomys and
Notomys (Watts & Baverstock, 1995), shares a 100%
level of amino acid sequence identity with N. alexis and
P. australis between residues Cys-328 and Gln-343, the
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share a unique arrangement of potential O-linked
oligosaccharide sites within this region (Ser-336 and
Ser-341) not shared with M. musculus and R. norvegicus
(Phe-336 and Pro-341) nor seen in other mammalian
species (Fig. 4).
While the particular regulation of glycosylation
within different species is poorly understood, it may be
that the arrangement of O-linked glycosylation sites
influences the oligosaccharides present on the ZP sur-
face. This in turn could affect the specificity of
sperm–ZP binding (Wassarman, 1990). However,
among the three closely related species of hydromyine
rodents there are no amino acid differences in the puta-
tive sperm-combining site. It follows, therefore, that
since there is no amino acid substitution in this region
amongst hydromyine rodents then there is no support
for the hypothesis of species specificity of sperm–ZP
binding based on sequence homology of ZPC.
The high level of divergence at the putative sperm-
combining site between distantly related species, and
the claimed positive selection acting upon this region
(Swanson et al., 2001), suggest that this region of ZPC
may be subject to more changes than the rest of the
gene. There may be other selective pressures upon ZPC
Figure 3 Partial cDNA sequence of ZPC from Hydromys chrysogaster (GenBank accession number AY078056). The amino acid
sequence in the box is the putative sperm-combining site. Potential O-linked oligosaccharide sites are denoted below the
residue with an *. The nucleotides and amino acid residues are numbered according to their relative position on the cDNA
sequence of N. alexis.
Figure 4 Amino acid sequence comparison of the putative sperm-combining site of ZPC among different species of mammals
(residues Cys-328 to Gln-343). The residues highlighted in grey are the potential O-linked glycosylation sites.
that are not, as yet, known. However, this study has
demonstrated that the sequence of the ZPC among
closely related murids is certainly not under positive
selective pressure, at least within the hydromyine
murid rodents.
The determination of the complete coding sequence
of the ZPC cDNA of two species of hydromyine
rodents and the 3’ end of the same cDNA for a third
hydromyine species, could have important implica-
tions for the development and practical application of
an immunocontraceptive vaccine based on antibodies
to the ZPC glycoprotein for controlling populations of
wild house mice (Lou et al., 1995; Zhang et al., 1997;
Jackson et al., 1998; Ylönen, 2001). Sequence identity
between M. musculus and these hydromyine species,
which are native rodent species of Australia, should be
taken into account when consideration is given to dis-
semination of a vaccine within which M. musculus ZPC
is incorporated to suppress fertility of populations of
the introduced house mouse, M. musculus.
To further extend this comparative study,
sperm–ZP binding experiments could be conducted
whereby the sperm from one species is incubated with
the oocytes of a closely related species. The present
finding would predict that there would be no selectiv-
ity of sperm from one species of hydromyine rodents
binding to the ZP of another. However, since in labo-
ratory mice the O-linked sugar components are critical
for sperm–ZP binding, a study of oligosaccharide
ligands on ZPC of the hydromyine species needs to be
performed to further determine the interspecific
similarity in the sperm-combining site of these murid
rodents.
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